The spliced alignment of expressed sequence data to genomic sequence has proven a key tool in the comprehensive annotation of genes in eukaryotic genomes. A novel algorithm was developed to assemble clusters of overlapping transcript alignments (ESTs and full-length cDNAs) into maximal alignment assemblies, thereby comprehensively incorporating all available transcript data and capturing subtle splicing variations.
INTRODUCTION
Expressed sequence tags (ESTs) and complete complementary DNA (cDNA) sequences have been powerful tools for gene discovery and studies of gene expression since long before complete genome sequences were a reality (1) . Combined with the availability of complete genomic sequences, the transcribed sequences delineate the structures of genes by resolving introns and exons via gapped alignments (2, 3) . Genome annotation projects rely heavily upon the transcribed sequences to locate expressed genes within the genome and accurately annotate gene structures using both manual and automated methods. Abundantly expressed genes provide a high level of redundancy in the EST populations and, in many cases, yield evidence for the existence of alternative splicing isoforms (4, 5) .
Various efforts currently exist to assemble the expressed sequence populations into a unique index of genes, including the Gene Indices at The Institute for Genomic Research (TIGR) (6) , Unigene at the National Center for Biotechnology Information (NCBI) (7) , and STACKdb at the South African National Bioinformatics Institute (SANBI) (8) , reviewed in Bouck et al. (9) . Depending on the stringency of the clustering and alignment methods employed in generating the unique data set, subtle alternative splice variants may be lost and chimeric assemblies can be generated.
Several popular cDNA alignment programs are available for aligning ESTs and cDNAs to genomic sequences, including sim4 (10), gap2 (2), spidey (11) , BLAT (12) and GeneSeqer (13) . In addition, tools have been developed to incorporate EST alignments into gene predictions (14±16). A recent effort to predict gene structures and alternative splicing variations has focused on the assembly of transcript±genome alignments (5) . The genome sequence alignment-based method of consolidating the transcript sequences offers advantages over the conventional clustering and sequence assembly since the alignment-deduced spliced orientation can be exploited to prevent the assembly of overlapping transcripts aligning to opposite strands, minimizing the arti®cial construction of chimeric assemblies. In addition, when the genome sequence is of unambiguous high ®delity, the coassembly of transcripts mapped to distinct closely related paralogs is prevented. Sequence errors prevalent in ESTs that may puzzle raw sequence assembly are less likely to confound alignment assembly, since clustering relies on more mismatch-tolerant cDNA±genome alignments and short unaligned regions at termini due to low sequence quality or vector contamination are disregarded.
Alignments of full-length cDNAs (FL-cDNAs) have proved very useful in resolving gene structures and improving annotations in Arabidopsis (17, 18) . Until recently, efforts to incorporate EST alignments into gene structure annotations have mostly involved manual inspection and re®nements. A recent independent analysis of Arabidopsis EST alignments in comparison to the genome annotation (release v.3.0, July 2002) identi®ed nearly 1000 genes with structures in con¯ict with EST alignments, in addition to hundreds of alternative splicing variations and non-consensus splice sites, all indicating the need for improvements in the genome annotation (19) . Our latest efforts to re®ne the Arabidopsis gene structure annotations combine both EST and FL-cDNA alignments to update con¯icting gene structures and annotate alternative splicing variations, as well as to identify and annotate substantially supported non-consensus splice sites.
We developed a novel dynamic programming algorithm to assemble cDNA alignments and identify alternative splice variants implemented in a tool named the Program to Assemble Spliced Alignments (PASA). PASA creates unique maximal assemblies based on EST and cDNA alignments by merging sets of compatible overlapping alignments. This algorithm was employed to consolidate and maximize the untranslated regions (UTRs) of Arabidopsis FL-cDNAs and integrate EST evidence in regions where no FL-cDNA alignments were available, providing maximal substrates for updating and improving the Arabidopsis genome annotation. These transcript alignment assembly-based gene structure annotation updates were performed as part of the TIGR complete Arabidopsis genome re-annotation effort (20) .
MATERIALS AND METHODS

Alignment assembly algorithm
The goal of the assembly algorithm is to ®nd, for each alignment a, the largest assembly that contains a, i.e. the assembly containing a together with the maximum number of other ESTs and cDNAs. The maximal alignment assembly is then used as the substrate for creating gene models or modifying existing gene models. Note that many different alignments may have the same largest assembly. Indeed, when the alignments to a speci®c genomic region are all consistent with one another, a single assembly will contain all of them.
In the remainder of this section, for simplicity, we consider just one strand of the genomic sequence and treat it as a line marked with integers, with low positions to the left. We also use the term cDNAs to refer collectively to FL-cDNAs and ESTs. An alignment can be considered as a series of intervals that correspond to the positions for which the cDNA aligns to the genome; for example, an alignment might consist of the intervals [(50,100),(150,170)] for a cDNA that is aligned in two places, spanning nucleotide positions 50±100 and 150± 170. The span of an alignment will be de®ned as the range from its beginning to end, e.g. the span of our example is 50±170. We assume that each cDNA has been aligned unambiguously with the genomic sequence. Thus, the terms cDNA and alignment are interchangeable.
We compute the largest assemblies by dynamic programming. First, all alignments are sorted into ascending order by their beginning positions along the genomic sequence. Next, each pair of overlapping alignments is tested for compatibility, where alignments are compatible if they have the same orientation and are identical in their region of overlap. All overlapping cDNAs in an assembly must be compatible.
Let L a denote the maximum number of cDNAs in a contiguous assembly that ends at alignment a, i.e. it includes a, compatible alignments contained in the span of a and alignments that end strictly before the end of a, but not alignments that strictly contain a. For compatible overlapping alignments a and b, let C a\b denote the number of a-compatible alignments contained in the span of a (including a itself) but not contained in b and let C a denote the number of acompatible alignments contained in the span of a. Then we have:
The C a values for the alignments are easily identi®ed during the phase when overlapping alignments are tested for compatibility. From these alignment lists, the values of C a\b can be calculated by a merge operation. Thereafter, the values of L a can be computed in a simple left-to-right scan using equation 1. During this computation, each alignment a retains a pointer, p a , to the alignment b that achieves the maximum that de®nes L a . Containments between alignments a and b prohibit any direct comparisons between the two alignments during the L a calculations. As speci®ed in the equation, alignment a cannot be contained within alignment b and, since alignment b must be strictly before alignment a, alignment b cannot be contained within alignment a. The reason that contained alignments are treated specially is illustrated in the following simple example (where | represents an inferred exon boundary).
Alignment a is compatible with alignment b and alignment b is compatible with alignment c. Note, however, that alignment a is not compatible with alignment c. This non-transitivity of the compatibility relationship prevents the simple chaining of compatible alignments. Compatibility of non-contained alignments is transitive, however, so that we can chain those alignments together, keeping track of the containments within them.
The maximum of all the L a values, L a* , represents the largest number of assembled alignments; in other words, the assembly containing the greatest number of compatible cDNAs. Starting from alignment a*, a trace back of the p a pointers, together with the alignments for the C a\b values, yields the cDNAs comprising the maximum assembly.
If any alignments are not included in the maximum assembly, con¯icting alignments exist, indicating alternative splicing isoforms or overlapping transcripts corresponding to different genes; pairwise alignment incompatibilities are derived from alternative acceptors or donors, unspliced introns, skipped exons or opposite spliced orientations. In order to include every cDNA in its maximal assembly, further efforts are made to obtain the maximal assembly for the cDNAs not in the a* assembly.
Let a¢ be a cDNA not yet included in a maximal assembly. Tracing back the p a pointers gives the largest assembly to the left of a¢, but unfortunately these pointers do not provide the largest assembly to the right of a¢. In order to identify the alignments to the right of a¢ that should be in its maximal assembly, we perform a reciprocal scan from right to left, computing: where R a represents the maximum number of cDNAs in an assembly containing a consisting only of cDNAs ending at a from its right. As before, we retain a pointer q a to the alignment b that achieves the maximum value. The total number of cDNAs in the largest assembly containing any alignment a is then equal to max b {L b + R b ± C b | b contains a}. Note that it is necessary to subtract C b since these cDNAs have been counted in both L b and R b . The cDNAs that comprise this assembly can be obtained by tracing back the p x and q x pointers and including the corresponding C x\y cDNAs. Thus, the remainder of the PASA algorithm searches all alignments not yet included in a maximal assembly for the one with maximum L b + R b ± C b value. The corresponding assembly (with the new alignments it contains) is added to the collection of maximal assemblies and the process is repeated until all alignments have been included in at least one assembly.
Taking into account the spliced orientation of the transcript alignments prevents overlapping transcripts from opposite strands being merged into a single assembly. Since many EST sequences align as single segments lacking introns, their orientations cannot be inferred from splice sites and hence remain ambiguous. Alignments of ambiguous orientation have the potential to merge bridging transcripts from opposite orientations, creating a chimeric assembly. To prevent this, all computations described above are performed twice, setting ambiguous orientations ®rst to the forward strand and secondly to the reverse strand. The maximal assembly is obtained from each computation and the larger maximal assembly is assumed correct. The single segment EST alignments are the only alignments of ambiguous orientation and these generally serve to extend the termini of alignment assemblies. Single segment alignments of full-length cDNAs also lack spliced orientations due to the lack of introns, but are assumed to be correctly oriented in the GenBank sequence record, so these alignments are not allowed ambiguous orientations.
Assuming the comparison of two alignments takes O(1) time, the overall complexity of the algorithm as implemented is O(n 3 ), where n represents the number of alignments being assembled. The computations can be thought of as occurring within a matrix in which alignments are the rows and columns, ordered by their beginning position in the genome. Figure 1 illustrates a real example of Arabidopsis transcript alignment assemblies within the context of a matrix.
Alignment assembly and annotation re®nement pipeline
Complete cDNAs, potentially incomplete cDNAs and EST sequences were downloaded from the GenBank nucleotide database. All sequences were screened and trimmed for low quality sequence regions and poly(A) tails using the TIGR Gene Indices sequence cleaning protocols (6) implemented in the SeqClean tool (available at http://www.tigr.org/tdb/tgi/ software). After removing the irrelevant transcript sequence regions, the sequences were aligned against the complete Arabidopsis genome sequence (available at ftp://ftp.tigr. org/pub/data/a_thaliana/ath1/SEQUENCES/ATH1_bacs.seq, with redundant overlapping BAC sequence regions masked) using the cDNA alignment programs BLAT (12), sim4 (10) and GeneSeqer (13) in order of program speed. After ®rst aligning the cDNA sequences using BLAT, each of the alignments were validated requiring the [GT,GC]/AG consensus donor/acceptor splice sites at all introns and a nearcomplete, near-perfect alignment requiring at least 90% of the sequence aligned with at least 95% sequence identity. Given the average intron length of~170 bp for Arabidopsis genes, alignments inferring introns of length greater than a generous 2 kb were excluded, effectively excluding alignments with false terminal extensions which otherwise appear to be high quality alignments. If a BLAT alignment failed the validation tests, the BLAT-aligned region was extracted together with 5 kb regions of¯anking genomic sequence and realigned using sim4. The sim4 alignments failing the validation tests were then realigned similarly using the GeneSeqer program. The non-validating alignments were disregarded for the purposes of alignment assembly and, more importantly, automated annotation updates (described below). These non-validating alignments are expected to be manually examined separately from the automated processes described here.
Prior to assembly, the validated alignments were grouped into clusters of overlapping cDNAs. Each cDNA cluster was subjected to the PASA algorithm to generate a set of unique, maximal cDNA alignment assemblies. The assemblies within each cluster were further divided into subclusters representing con¯icting complete or partial transcripts likely corresponding to the same gene (i.e. alternative or anomalous splicing isoforms of the same gene). Assemblies subcategorized into subclusters required the same spliced orientation and at least 50% overlap of a neighboring alignment.
The cDNA alignment assemblies were compared to the current TIGR Arabidopsis gene structure annotations. The alignment assemblies were assigned to annotated genes by examining overlaps between coordinates of gene annotations and those of the alignment assemblies. Stringent overlap criteria were required to assign FL-cDNA-containing assemblies to gene products, forcing any required structural updates to occur on the most appropriate gene products. In this case, the alignment assembly and gene product must overlap by at least 40% of either length and include the same spliced orientation. The EST-containing assemblies are given greater latitude for gene annotation assignments, requiring the same spliced orientation, as determined from the genome alignments, and any overlap with the existing gene annotation. Alignment assemblies matching multiple adjacent gene annotations were excluded from automated annotation updates and were examined for the prospect of merging multiple annotations, in which case annotation updates were performed manually.
Assemblies containing FL-cDNAs are expected to contain all of the information required to fully and accurately reconstruct the structure of the corresponding gene de novo. Gene models were created based on FL-cDNA-containing assemblies as previously described for individual FL-cDNAs (17) . Gene models constructed based on FL-cDNA assemblies replaced the existing annotated gene structures where inconsistencies were identi®ed. The structures of alternative splicing isoforms were automatically annotated in cases where multiple FL-cDNA assemblies mapped to the same gene and represented novel transcripts. and the arrows traced back from it (indicated in red) identify the alignments comprising the maximal assembly (alignments 8, 7, 4 and 0) with their contained alignments (5, 6 and 2). The result is the red assembly 1 shown in (a). An examination of assembly 1 indicates that it lacks alignments 1 and 3. The trace back from the forward scan at L a where a = 3 provides the maximal assembly containing a originating from the left of a (trace back drawn in blue), but does not identify the alignments to the right of a that are in the a maximal assembly. To ®nd the maximal alignment assembly containing alignment 3, the reverse scan computations were performed, calculating max[C a , L b + C a\b ], where b > a, and storing the score in the lower right of cell [row b][column a]. R a is the maximum lower right value in column a and is shown circled in yellow. The trace forward from R a , where a = 3, is shown with blue arrows. Combined with the trace back from L a where a = 3, this yields the maximal assembly containing alignment 3, shown as assembly 2, namely alignments 0±3, 6±8. This assembly is also the maximal assembly containing alignment 1. In general, maximal assemblies for missing alignments are found in order of decreasing L a + R a ± C a value until all missing alignments are accounted for within maximal alignment assemblies; this was not done here for brevity. Note that alignment 6 is regarded as contained in alignment 1, even though it extends a few bases into intron 4. PASA has a parameter, called`fuzz distance', which speci®es the length of mismatches to discount at transcript ends, where sequence alignment quality is often poor.
Nucleic Acids
The cDNA alignment assemblies lacking a FL-cDNA component are assumed to be incomplete, lacking suf®cient data to fully reconstruct a gene model, but containing partial structural information yielding components of one or more exons. These assemblies lacking FL-cDNAs were used to update con¯icting annotated gene structures by`stitching' the alignment exon components into the existing annotated structure. The stitching was performed by anchoring the alignment termini into overlapping exons of the annotated gene structure and replacing the overlapping structural components with those of the alignment assembly (example in Fig. 3h, asmbl_4218) . Unanchored alignment termini, if they exist, serve to terminate the stitched gene structure, replacing the corresponding terminus of the annotated gene, often altering the protein coding sequence and yielding UTRs (example in Fig. 3h, asmbl_4217 ).
Automated annotation update validation criteria
In addition to the alignment validation requirements for inclusion in an assembly (described above), the tentatively updated gene structures were required to pass stringent validation tests prior to being committed to the annotation database. These additional validation criteria were implemented as a prophylactic measure to minimize the corruption of existing annotated gene structures via alignments of incompletely processed mRNA or artifact-containing transcripts. Because most of the Arabidopsis gene structures have been manually curated and already incorporate contemporary cDNA and protein spliced alignment evidence, the expectation is that the existing Arabidopsis annotated gene structures are mostly correct, requiring minimal updates to become fully consistent with the transcript alignments. Thus, the encoded proteins would change only moderately as a result of the automated updates.
FL-cDNA-containing assemblies were required to encode a protein along at least 40% of the tentative cDNA sequence. In cases where distinct FL-cDNA alignment assemblies mapped to the same location providing evidence for alternative splicing isoforms, the smaller isoforms were required to encode a protein with a length of at least 70% of the longest isoform. The smaller isoforms were aligned to the longest isoform using the Grasta alignment program [modi®ed Fasta (21) , available at http://www.tigr.org/software] and required to share at least 70% identity across at least 70% of the shorter protein length, parameters carefully decided upon after manually inspecting several hundred tentative annotation updates.
Prior to updating any existing annotated gene structure, the annotated protein sequence was compared to the tentatively updated protein and required to pass the same set of validation tests as described above: the tentative updated protein was required to have at least 70% of the length of the annotated protein and align with at least 70% identity across 70% of the annotated protein length. Finally, all tentative gene structure updates were permitted no more than two adjacent non-coding UTR exons in order to prevent assemblies containing centrally located unspliced introns or other splicing aberration, which severely truncate the protein sequence, from updating gene structures inaccurately.
Software implementation
PASA was implemented in Perl. The spliced alignments generated using BLAT, sim4 and GeneSeqer were parsed using Perl scripts and stored in a MySQL database. The alignment assemblies generated by PASA were also stored in the MySQL database along with results from comparisons to the Arabidopsis genome annotation. The alignment assemblies and tentative annotation updates were made navigable via a series of CGI scripts interfaced to the MySQL database to allow TIGR annotators to thoroughly inspect the results of the alignment assembly and proposed annotation updates prior to committing changes to the database. Hundreds of examples were manually inspected in this fashion, leading to parameter optimization and improvements to validation protocols. The proposed gene structure updates were ®nally committed to the TIGR Arabidopsis thaliana annotation database prior to generating release v.4.0 of the Arabidopsis genome annotation. The PASA tool, annotation pipeline, associated software, source code, sequences and data sets are available at: http://www.tigr.org/tdb/ e2k1/ath1/pasa_annot_updates/pasa_annot_updates.shtml. In addition to the Perl implementation of PASA, a more¯exible version written in C++ is now available.
The current version of PASA and the related annotation pipeline does not examine EST GenBank annotations, clone pair information, 5¢ or 3¢ EST clustering data or identi®ed polyadenylation sites in order to unambiguously assign orientations to unspliced EST sequences. We expect to include these additional features in an enhanced version of the software. This is expected to improve the accuracy of transcript mapping and alignment assembly and may prove to be particularly bene®cial for organisms such as mouse or human, where EST sequences are many times more plentiful.
RESULTS AND DISCUSSION
cDNA alignment assembly PASA was developed to improve the quality of Arabidopsis genome annotation through the comprehensive incorporation of cDNA and EST data available in the public domain. At the time of this analysis,~180 000 Arabidopsis ESTs have been deposited in GenBank. The earliest sequences were generated by consortia in France (22, 23) and the USA (24) as a program to facilitate gene discovery and chromosome mapping prior to the complete sequencing of the Arabidopsis genome (reviewed in 25, 26) . Even with the completed genome, Arabidopsis EST sequences are continuing to be generated as a tool to analyze tissue-speci®c gene expression (27, 28) and, more pragmatically, as a strategy to identify full-length insert cDNA clones (18) .
The current collection of 177 973 Arabidopsis ESTs, 27 414 complete cDNAs and 3217 potentially partial cDNAs, totaling 208 604 expressed transcript sequences, were examined and aligned to the complete Arabidopsis genome. The complete cDNAs consist of the newly available FL-cDNAs (18) coupled with mRNA records in GenBank presumed to provide complete CDS sequences. Due to their complete protein coding properties, both the complete mRNA records and the FL-cDNAs are herein collectively referred to as the FL-cDNAs. The transcripts were aligned to the genome using a hierarchical alignment protocol employing BLAT (12), sim4 (10) and GeneSeqer (13) . Both BLAT and sim4 were used because of their speed and accuracy. GeneSeqer, although signi®cantly slower than sim4 and BLAT, tends to excel where others fail, particularly in regard to micro-exon ®nding in Arabidopsis (29) .
The`Blast-like Alignment Tool', BLAT, was used as the primary alignment program for mapping the transcripts to the genome, and was found to map 98% of the transcript sequences to the Arabidopsis nuclear genome ( Table 1) . The highest scoring BLAT alignments for each transcript were presumed to be the correct map locations. Each of these BLAT alignments was examined extensively and any transcript alignment lacking the de®ned validation requirements (see Materials and Methods) was realigned using sim4, followed by GeneSeqer as needed. Approximately 90% of the mapped transcripts were found to pass the stringent validation requirements, providing substrates for further analyses and annotation updates.
The novel algorithm implemented in PASA was designed to assemble the validating cDNA alignments to provide evidence-based templates for improving gene structure annotations. The alignment assemblies serve to consolidate the cDNA alignments, maximize the UTRs of full-length transcripts, identify alternative splicing isoforms and provide complete and partial models of gene structures. Assembling the cDNA alignments affords several advantages over conventional raw sequence assembly (5, 19) ; by taking into account the genomic location and spliced orientation of transcript alignments, chimeric sequence assembly is greatly reduced. In addition, subtle splicing variations identi®ed by gapped sequence alignments, which are often lost during direct sequence assembly, are retained in alignment assemblies (19) . In contrast to the TAP algorithm (5), which assembles adjacent splice pairs (introns) using a local scoring scheme, our algorithm assembles complete cDNA alignments so that all features in the same cDNA, no matter how distant, are inevitably retained in the assembled products. This prevents chimeric assembly between con¯icting cDNA alignments where con¯icting introns are separated by several intervening identical introns. PASA assembled the 182 540 validating transcript alignments into 25 165 alignment assemblies ( Table 1 ).
The distribution of ESTs and complete cDNAs within the alignment assemblies is illustrated in Figure 2 . Of the 13 965 FL-cDNA-containing assemblies, 5854 contained only a single FL-cDNA, whereas the remainder contained multiple FL-cDNAs, often of varied lengths. Just over half of the assemblies containing FL-cDNAs (7890 of 13 965) were extended by ESTs, with 5208 of these assemblies extended by at least 20 bp on either terminus, demonstrating the value of combining EST alignments with FL-cDNAs to maximize gene structure annotations, especially those of UTRs. The ESTs and FL-cDNAs are non-randomly represented among the assemblies, with more highly expressed genes likely corresponding to the larger alignment assemblies; approximately half of all ESTs are built into fewer than 10% of the assemblies containing ESTs. The distribution of FL-cDNAs within alignment assemblies was more uniform, with~45% of the FL-cDNAs built into just fewer than 25% of the assemblies containing them. The gene most highly represented by ESTs and complete cDNAs corresponds to the Rubisco small subunit (At1g67090), matched by an alignment assembly containing 16 complete cDNAs and 889 ESTs.
Genome annotation comparison and annotation updates
The original annotation of the Arabidopsis genome was generated manually with the assistance of computational tools (30) . Gene discovery and modeling often involved the painstaking process of manually editing gene models to become more consistent with the exons and splice junctions supported by transcript and protein alignments. Given the complete genome sequence, we now are aware of the extensive duplications within the Arabidopsis genome, responsible for a large number of the paralogous genes now known to exist. In the absence of a complete genome sequence during the early phase of the genome annotation, accurate mapping of transcript alignments was confounded by close paralogs that were undiscovered at that time. Also, much of the wealth of expressed sequence data currently available did not exist. Just prior to publication of the complete Arabidopsis genome (30), only~3300 mRNA records were available in GenBank, of which~450 were partial sequences. Slightly more than half of the currently available EST sequences were available in 2000, and these partial mRNA sequences could improve only components of gene structures due to their lack of complete protein coding sequence.
The in¯ux of FL-cDNA sequences since genome completion has provided an invaluable resource for studying and annotating gene structure as well as providing evidence for novel genes. We recently improved the Arabidopsis genome annotation using~5000 full-length cDNAs obtained from Ceres Inc. (17) . Also, since the time of genome sequence completion, the RIKEN group has released more than 20 000 Arabidopsis FL-cDNA sequences to the community (18), expanding a resource for improving gene annotations. Effective computational methods are essential to keep pace with the speed at which valuable annotation resources are being made available and ensure that genome annotations accurately re¯ect the most recent experimental evidence.
As described earlier, the transcript alignment assemblies were generated to both consolidate the available transcript sequences and to provide maximal structural templates for improving gene structure annotations. These high quality The complete set of 25 165 alignment assemblies were compared to our TIGR Arabidopsis whole genome annotation (release 3.0, including subsequent annotation changes). Of the complete set of assemblies, 3856 were found to be previously incorporated into the genome annotation. Another 16 542 assemblies were found capable of providing automated updates to 14 247 gene structures. The types of updates provided by the alignment assemblies are illustrated in Figure 3 , and the distribution of assemblies providing structural updates are enumerated in Table 2 . The vast majority of all updates simply added to or extended the UTRs of already annotated genes, representing nearly 80% of all automated updates. This ®nding is not surprising given that most major gene structure updates committed to the annotation between the genome publication and annotation release v.3.0 (July 2002) were based on the newly available FLcDNA sequences using methods already described (17) .
Consolidating the full-length cDNA sequences and including the EST alignments served to maximally extend the UTR lengths in most of these cases, thus automating the process of incorporating non-full-length transcript sequences into the gene structure annotation and annotating alternative splicing isoforms, both of which were previously performed manually. In addition to the UTR annotation updates, incorporating the remaining complete cDNA sequence and EST alignment assemblies into the annotation yielded 583 genes with elongated proteins and 1585 genes with substantial structure updates, altering introns and often modifying the corresponding protein sequences. Alternatively spliced isoforms were modeled in cases where con¯icting sources of alignment data corresponded to a single gene. Alternative splicing isoforms can be modeled relatively easily using FL assemblies due to their full protein coding attribute, requiring only multiple con¯icting FL assemblies to correspond to the same gene. Annotation of alternative splicing isoforms based solely on alignments of ESTs or partial cDNAs is complicated by the lack of inherent full coding potential. In this case, the annotated gene is used as a template for creating an alternative splicing isoform by stitching the non-FL assembly into a copy of that gene model; then the stitched copy provides the alternative splicing isoform. Alternative splicing isoforms created in this fashion provide a best approximation of a gene model containing the splice variation(s). The FL assemblies provided for the new annotation of 529 isoforms, while assemblies lacking FL-cDNAs accounted for the annotation of 701 additional isoforms.
These numbers do not include the alternatively spliced isoforms that failed to meet our criterion that smaller isoforms are required to encode a protein with a length of at least 70% of the longer isoform and have no more than two UTR exons. It is possible that many such isoforms are genuine by-products of splicing regulation, as observed in the well-studied case of Drosophila sex determination in which the predominant mRNA products of the Sx1 gene in males are known to be non-functional (31±33).
The alternatively spliced isoforms are described in more detail below.
Splicing variations
Unlike the human genome, where millions of EST alignments indicate that approximately half of the genes are alternatively spliced (5, 34, 35) , the study of alternative splicing in Arabidopsis has been mostly limited to the study of individual genes (36±39). Although~5% of the Arabidopsis EST and mRNA sequences have been estimated to represent splicing variants (40) , few alternative splicing isoforms were previously annotated in the Arabidopsis genome annotation. The incorporation of 5000 Ceres full-length cDNA sequences into the Arabidopsis genome annotation uncovered the identi®ca-tion of~100 splicing variants (17) . In addition, a very recent independent analysis identi®ed several hundred splicing variants based on EST alignments using the GeneSeqer alignment program (19) . Our analysis of the currently available transcript sequences allowed for the automated annotation of 1230 splicing isoform variants, now yielding a total of 1188 genes encoding 2501 isoforms. The isoform classi®cations and distributions are provided in Table 3 , and can be navigated at the TIGR website (http://www.tigr. org/tdb/e2k1/ath1/altsplicing/splicing_variations.shtml). The more conventional alternative splicing isoforms containing alternative donor and/or acceptor splice sites for the same intron account for nearly half of the genes encoding splicing variations, whereas many others contain unspliced introns or skipped exons yielding alternative transcript isoforms.
Of the 1188 genes containing alternative splicing variations, 1079 have only two isoforms, 95 have three isoforms and 13 have four annotated isoforms. The single gene At2g32700, WD-40 repeat protein, has the maximum of ®ve annotated splicing isoforms. The ESTs and FL-cDNAs supporting these ®ve splicing variations are illustrated in Figure 4 .
An assumption underlying the automated annotation methods exploiting expressed sequenced data is that the sequences represent fully processed mRNAs. It is unknown whether the unspliced introns represent unprocessed mRNAs or a variation in mRNA processing intended to provide transcript and protein variations. Special care was taken to exclude annotation updates from occurring if the original gene annotation appeared to be corrupted by the incorporation of potentially unprocessed or artifact-containing expressed sequence data. Of the 386 genes with isoforms containing unspliced introns, 190 genes contained the unspliced intron in their UTR regions, not affecting the encoded protein sequence. 218 genes contained transcript isoforms with unspliced introns which overlapped the protein coding region of a sibling isoform, yielding distinct protein products derived from a single gene. There were 22 genes belonging to both categories, containing examples of unspliced introns within the UTRs and other unspliced introns overlapping the protein coding region.
Unspliced introns found within transcript sequences are often thought to result from incomplete mRNA processing, which may be an artifact of experimental methods employed in EST or FL-cDNA generation. Consistent with this The number of genes updated by the assemblies is shown in parentheses.
The number of genes is less than the number of assemblies in cases where multiple isoforms of a single gene are updated by multiple assemblies (more common with FL assemblies) or where single isoforms are updated by multiple assemblies (more common with EST assemblies; see examples in Fig. 3f±h ). Although the alignment assembly update classes are mutually exclusive, 1385 of the 14 247 updated genes fall into multiple categories. hypothesis, approximately half (99 of 218) of the genes with unspliced intron-containing isoforms encode truncated proteins; a stop codon encountered within the unspliced intron truncates the ORF. However, the remainder of these genes encode variant proteins supporting a role of unspliced introns in providing alternative proteins. There are 61 genes containing unspliced introns in which the intron encodes an integral number of codons and intron splicing removes an internal segment of the protein sequence. Of the remaining examples, 38 genes encode isoforms with subtly altered protein termini and 21 proteins are substantially extended due to the unspliced intron(s); gene At3g54890, a putative light harvesting chlorophyll a/b-binding protein, contains isoforms which fall into two categories: accession gi|23303771 provides a spliced intron which removes an integral number of codons and accession gi|23302896 infers a spliced intron which alters the reading frame and truncates the protein. Additional examples of genes encoding isoforms with unspliced introns classi®ed into the categories described above are included in Figure 5 .
Merged and split gene structures
Gene prediction programs are known to sometimes merge distinct genes or to incorrectly split single genes into separate gene predictions. Since many of the original gene structure annotations were based on computational gene predictions, some of these gene structures were expected to be either merged or split based on FL-cDNA evidence. This is further supported by the ®nding that the number of annotated Arabidopsis genes differed from the number of FL-cDNA identi®ed genes (18) . Genes likely to require merging were identi®ed by analyzing annotated genes which overlapped by single alignment assemblies. Since the automated methods employed were restricted to assemblies anchored to single genes, the merging of genes based on transcript alignments remained a manual process requiring inspection by TIGR annotators. 150 annotated genes were merged after analyzing FL assembly alignments and an additional six genes merged after analyzing non-FL assembly alignments. FL-cDNAs matching an unexpectedly small region of a gene structure annotation may suggest a required gene splitting event, but, on the other hand, could otherwise be indicative of a cDNA sequence which is not full length. Large numbers of 3¢ EST sequences terminating within a central portion of an annotated gene would also provide evidence for required gene splitting, but given the relatively small number of EST sequences available and their non-uniform distribution among Arabidopsis genes, this was not explored. To examine potential cases of required gene splitting, annotated genes only partially matching FL assemblies were examined. A total of 122 FL assemblies encoded proteins which were less than 70% of the length of the currently annotated protein, suggesting that the current gene annotation is inaccurate and gene splitting may be necessary. Upon manual examination, nearly all of these FL assemblies appeared not to be full length, initiating within the protein coding region of the corresponding annotated gene. A tell-tale sign that these FL-cDNAs were not full length was the absence of intervening stop codons within the presumed 5¢ UTR after identi®cation of the longest ORF within the FL assembly-based cDNA sequence. Although no gene annotations were split based on the work described here, the splitting of annotated Arabidopsis genes based on transcript and protein alignments continues to be an ongoing effort as part of the TIGR Arabidopsis genome re-annotation (20) .
Novel genes
Given the high gene density within the Arabidopsis genome and given our recent efforts to re-annotate the genome, the discovery of novel genes (those previously undescribed in the genome annotation) is becoming increasingly rare. Nevertheless, 73 FL assemblies could not be anchored to existing TIGR gene annotations but were found to provide Figure 4 . Five splicing isoforms supported by transcript sequence alignments. The cDNA alignments supporting the ®ve splicing variations identi®ed for the WD-40 repeat gene (At2g32700) are illustrated. For the purpose of comparison, FL-cDNA gi|13605814 is presumed to provide the representative gene structure. EST gi|5842113 contains an unspliced intron within the upstream UTR. EST gi|8688866 provides an alternative AG acceptor splice site within the upstream UTR which extends the spliced transcript length by 3 bp. EST gi|8689273 provides an alternative AG acceptor splice site corresponding to a different upstream UTR exon which removes 3 bp from the spliced transcript length. EST gi|9787494 provides an alternative AG acceptor splice site at a protein coding exon, deleting 6 bp corresponding to two codons of the translated sequence. Only one of the ®ve isoforms encodes a variant protein sequence, while the remainder encode variations restricted to the upstream UTR region.
alignments consistent with complete gene structures. These FL assemblies were converted into models for novel genes and incorporated into the TIGR Arabidopsis genome annotation.
ESTs and FL-cDNAs failing automated incorporation into gene annotations
The statistics provided above are based on only those expressed transcript sequences built into the latest Arabidopsis gene structure annotation, resulting from automated processes described here coupled with our previous efforts to improve gene structure annotations. These numbers do not re¯ect the total number of splicing variations that can be inferred from transcript sequence alignment. There were 4767 alignment assemblies containing 15 061 transcript alignments which, in the context of the alignment assemblies, were not found suitable for automated annotation updates and will need to be examined in greater detail. These unincorporated alignment assemblies mostly include non-FL assemblies which could not be stitched properly into existing gene models or aligned to genomic regions currently classi®ed as intergenic and, given the lack of inherent full-length protein coding capacity, were not automatically converted into complete gene model annotations. The remaining assemblies failing incorporation largely included FL assemblies found to drastically alter existing annotations or provide gene structures which vary considerably from the norm (as inferred from the majority of the FL-cDNA-based annotations) and were not employed in automated annotation updates due to the relatively stringent criteria employed. For example, two FLcDNAs (gi|21539500 and gi|23198329) correspond to gene At2g43400 (putative electron transfer¯avoprotein ubiquinone oxidoreductase) inferring 17 individual exons, only half of which can encode a protein due to a stop codon encountered within exon 10. Gene predictions along with numerous homologous protein alignments, plus both rice and wheat TIGR Gene Index assembly alignments, predict an intron within this region and, in all likelihood, both FL-cDNA sequences contain a single unspliced intron. While modeling a severely truncated protein in this region based on the FLcDNA alignments may re¯ect the generation of a nonfunctional by-product of regulated splicing (41), we have chosen to avoid generating annotations to mRNAs that are not presumed to encode functional products.
Efforts to clone and sequence FL-cDNAs concentrate on long insert clones and may unfortunately select for unspliced transcript inserts even when fully spliced transcript inserts are available, as a result of the length-based selection protocol. Given the importance of FL-cDNAs for annotation efforts and functional studies, obtaining the most biologically relevant product may be at odds with obtaining the longest insert cDNA clone. Our alignments of FL-cDNAs with the Arabidopsis genomic sequence have identi®ed several such suspect clones, and future studies will be required to better understand the structure of these genes.
While the stringent alignment validation measures employed did purposefully prevent automated annotation updates from occurring based on low quality alignments, there were several legitimate cDNAs which failed to conform to the validation criteria and were excluded from automated updates. For example, the gene for MADS affecting¯owering 1 protein (MAF1) (At1g77080) (42) contains an intron of length 2470 bp, which is extraordinarily large for an Arabidopsis gene. In addition, three alternative splicing variations of MAF1 are supported by alignments of transcript sequences gi|11545546, gi|11545544 and gi|13649968. All isoforms were annotated correctly during previous efforts employing less stringent validation requirements (17) . Another gene eluding these automated annotation updates is the Agamous gene (At4g18960), which has both an extraordinarily large intron of 2999 bp and lacks an ATG start codon, replaced by an ACG codon (43) . Future software enhancements should allow for automated annotation updates under certain exceptions to validation criteria, although the importance of manual examination and curation of the unusual and unexpected cannot be overstated.
The Arabidopsis transcriptome
The gene structure annotation improvements described above, including the annotation of alternative splicing isoforms, nonconsensus splice sites and UTRs, are included in the latest release of the TIGR Arabidopsis genome annotation, the fourth Arabidopsis annotation release (release v. Analysis of the remaining expressed sequence data which failed to be incorporated is continuing and may serve to provide more complex updates to gene structures or lead to the annotation of new genes. The latest TIGR genome annotation and associated data are available at TIGR (ftp://ftp.tigr.org/pub/data/a_ thaliana/ath1).
